Chemically powered self-propelled colloids generate a motor force by converting locally a source of energy into directed motion, a process that has been explored both in experiments and in computational models. The use of active colloids as building blocks for nanotechnology opens the doors to interesting applications, provided we understand the behaviour of these elementary constituents. We build a consistent mesoscopic simulation model for self-propelled colloids of complex shape with the aim of resolving the coupling between their translational and rotational motion. Considering a passive L-shaped colloidal particle, we study its Brownian dynamics and locate its center of hydrodynamics, the tracking point at which translation and rotation decouple. The active L particle displays the same circling trajectories that have been found experimentally, a result which we compare with the Brownian dynamics model. We put forward the role of hydrodynamics by comparing our results with a fluid model in which the particles' velocities are reset randomly. There, the trajectories only display random orientations. We obtain these original simulation results without any parametrization of the algorithm, which makes it a useful method for the preliminary study of active colloids, prior to experimental work.
Introduction
Nano-to micro-meter scaled self-moving colloids have become a commonplace experimental device in soft-matter research groups, using a variety of driving methods including catalytic chemical reactions [1, 2] or laser illumination [3, 4] . The interest for these self-propelled particles, hereafter termed generically nanomotors as in Ref. [5] , stems both from their envisioned applications in nanotechnology [5] [6] [7] and from the fundamental scientific insights offered by such devices [1, 8, 9] . Given their small sizes, typical of colloidal systems, the trajectories of nanomotors combine self-propulsion with the thermal fluctuations that are the signature of Brownian motion. Non-spherical colloids provide, even in the absence of self-propulsion, a nontrivial realisation of Brownian motion with a possibly non-diagonal diffusion matrix that couples the translational and rotational degrees of freedom [10, 11] . The detailed experimental study of Brownian dynamics for model anisotropic colloids is relatively recent. The colloids have been realised either by photolithography [12] or by assembling spherical components [13] . The combination of selfpropulsion and anisotropic colloids results in qualitatively new types of trajectories: circling patterns for Janus doublets [14] and L-shaped particles [3] , and gravitaxis for L-shaped particles [15] . The self-assembly of active rods, acting as building blocks for supra-colloidal anisotropic active particles displays a similar phenomenology [16] .
In order to assess the role played by the shape of a nanomotor, one can resort to numerical simulations to avoid costly trial and * ORCID:0000-0002-6640-6463 error in experiments. Brownian dynamics simulation methods require the a priori knowledge of the mobility tensor (or resistance matrix) of a particle and cannot serve, by themselves, for the study of the shape. It is possible to compute directly the resistance matrix using Stokes equation, for instance using finite element methods [17] . Here, we use instead coarse grained hydrodynamic simulations to resolve directly the dynamics of complex-shaped colloids and of the self-generated flows. Our choice extends naturally to other situations, such as many-motor dynamics in which the resistance matrix also depends on the distance and relative orientation to other motors, and integrates well with the mesoscopic chemical kinetics.
In this article, we study the L-shaped active colloid (or L motor, for short), explored experimentally by Kümmel et al [3] , using Molecular Dynamics simulations. We describe in section 2 the mesoscopic simulation method [18, 19] , in which the dynamics of both the colloid and the surrounding fluid particles is resolved. We present the bead model for the L shaped colloid in section 3. In section 4, we perform simulations of the equilibrium Brownian dynamics of the L particle and identify the center of hydrodynamics for the colloid in the quasi-2D geometry from the numerical data. Second, we perform simulations of the L motor when the chemical activity induces self-propulsion. We observe circling trajectories that result from the combined translational force and the torque applied by the self-propelling force. Third, we demonstrate the role played by self-generated hydrodynamic flows by considering an alternative dynamical model for the fluid particles' dynamics, in which the conservation of energy and momentum do not hold and no circling is observed. Finally, we discuss our results in section 5 and cast them in the perspective of active matter research.
Mesoscopic simulation method
We consider a system with a single L-shaped colloid and a fluid of point particles. The colloid consists in a rigid assembly of spherical beads of species C or N . The catalytic C beads activate the conversion of fuel into product and the non-catalytic N beads are chemically inert. The fluid consists of a large number of point particles of species A and B, of mass m for both species, with a number density per unit volume γ and a mass density ρ = γ m.
The colloid and the solvent in its vicinity evolve according to Molecular Dynamics, using the velocity Verlet algorithm [20, 21] . To integrate the equations of motion for the colloid constructed as a bead assembly, we use the quaternion-based velocity Verlet integrator described in Ref. [22] . The dynamics of the solvent, in all regions where it is force-free, is given by the coarse grained Multiparticle Collision Dynamics (MPCD) algorithm [23] . The fluid is partitioned every time interval τ in a lattice of cubic cells of side a in which the velocities are exchanged according to an energy and momentum conserving rule. We use the truncated Lennard-Jones potential to couple the colloids and the solvent particles:
for r ≤ σ × 2 1/6 . κ denotes the colloid species, which can be either "C" for catalytic colloids or "N" for noncatalytic colloids, and α the solvent species. In the present work, we keep the scale parameter σ equal for all species pairs and set κ,σ to nonequal values to obtain different relative repulsion strengths at the surface of the colloid. We use a quasi-2D geometry as the corresponding experiment was confined between two glass plates. The coordinates x and y are periodic and the coordinate z is bounded by walls at z = 0 and z = Lz. For the fluid particles, the walls in the z direction perform bounce-back collisions [24, 25] and include ghost particles during the collision step [26] . For the colloid, we apply a confinement potential in the z direction as
where w is the strength of the potential, σw its scale and z * w is a shift of the potential's origin.
We use the units system consistently defined by m = 1 for the mass, N,A = C,A = 1 for the energy and a = 1 for the length. The unit of time is a m/ .
To achieve a chemical reaction that is localised on the active part of the colloid, the beads of species "C" trigger the chemical reaction
in the fluid [19] . The reaction is carried out with probability p when the triggered solvent particle exits of the interaction range of the colloid to avoid discontinuities in the trajectory. We keep the simulation out of chemical equilibrium with a bulk reaction, using the reactive MPCD (RMPCD) algorithm [9, 27] 
The bulk reaction is carried cell-wise and, similarly to what is done for the catalytic reaction (3), cells for which one or more fluid particles are interacting with colloids are excluded from the reaction process. We list the simulation parameters for the fluid in Table 1 : Simulation parameters for the fluid. The viscosity and self-diffusion coefficients are computed using formulas (52) and (43) of Ref. [28] .
In order to assess the role of hydrodynamics, we also perform simulations in which we replace the MPCD collision step by a random sampling (RS) [29] of the fluid particles' velocities. At fixed time intervals τ , instead of colliding the particles cell-wise, we draw their velocities from a thermal distribution. With the RS method, we still follow the fluid particles' positions as they are necessary to generate chemical concentration gradients in the system. Using this alternative dynamical evolution for the fluid, we cannot match the dynamical properties of the colloid to the ones of the MPCD simulation [30] . Instead, we use it to compare qualitatively the colloid's dynamics with and without hydrodynamics.
We perform all simulations with the open-source package RM-PCDMD [18, 31, 32] and provide all the parameter and analysis files in appendix A and in the supplementary information [33] .
Bead model for the L particle
The simulation strategy outlined in section 2 was first demonstrated for dimer nanomotors [19] , in which only two beads make up the colloid. It has also been used since for bead models, such as for the Janus particle [34] . Chemically induced self-propulsion is well studied in simulations and has been analysed in great detail [35, 36] , which makes it useful as a reference.
Here, we design a L particle whose foot is catalytically coated, following the geometry of Ref. [3] . In this latter work, however, the propulsion arises from the laser heating-induced demixion of the solvent at the Au-coated side of the colloid, a selfpropulsion mechanism pioneered in Volpe et al [4] . In demixionbased propulsion, the local phase change in the fluid produces hydrodynamic flows whose reciprocal effect enable the motion of the colloid. Despite the difference in the type of motor, the hydrodynamic features of the present self-diffusiophoretic mechanism fall in the same category of phoretic motion [37] . In both situations, the motor and the surrounding fluid are force-free and it is the generation of flows that is responsible for self-propulsion.
We assemble beads in a L-shaped colloid, formed by an array of equally spaced beads and represented in Fig. 1 . The figure shows the particle with its principal axes aligned with the laboratory frame coordinates (the x-y coordinates of the figure). As in Ref. [3] , we also define a coordinate system aligned with the arms of the L. We illustrate those coordinates in Fig. 1 . The bead assembly for the L-shaped colloid. x and y denote the lab-frame coordinates, coinciding with the principal axes of the body for t = 0. X1 and X2 denote the unit vectors along the short and long arm of the L, respectively, and ωz is the in-plane rotational velocity. We identify the third coordinate as the total angular displacement in the x-y plane: X3(t) ≡ θ(t) = t 0 dt ωz(t ). There are three layers in the z direction, totalling 108 beads.
Results

Parameter
Brownian dynamics of the L particle
We perform equilibrium simulations of the L particle by setting the reaction probability p = 0. We list all simulation parameters in tables 1 and 2.
Prior to showing the simulation results for the diffusion of the L particle, we introduce an overdamped Langevin dynamical model for Brownian motion in two dimensions. The model is equivalent to the one found in Ref. [3] but we have chosen to write it in the body-frame coordinates so that we can write the diffusion as a constant matrix, following Ref. [38] . The evolution of the positions is given by
where X1 and X2 are the coordinates shown in Fig. 1, X3 is the angle of the particle in the x-y plane, D L is the diffusion matrix, ζ is a vector white noise process and F is an external force that models, when non-zero, the effect of self-propulsion [3, 39] . We will use the model in Eq. (5) for three purposes: define the measurements of the diffusion matrix D L , locate the center of hydrodynamics of the colloid, and estimate the radius of the circles in the self-propelled regime. We use the cross-displacement Cij(τ ), as defined in Ref. [13] :
The diagonal elements of Cij(τ ) are the usual mean-squared displacements that represent diffusion. The coupling between the degrees of freedom results in non-zero off-diagonal elements in Cij(τ ). From a fit of the linear-in-time evolution of the crossdisplacement, we identify the diffusion matrix
that quantifies the dynamics of the L particle [12, 13, 38] . We show in Fig. 2 (full lines) the average cross-displacements of the L particle in equilibrium, where we use the center of mass (CoM) as the tracking point of the colloid. We obtain the following diffusion matrix by linear fits of the cross-displacement data: 
All degrees of freedom appear to be coupled. Apart for screwtype shapes, it is possible to identify the Center of Hydrodynamics of the colloid, where the coupling between translation and rotation disappear. Chakrabarty et al [38] provide a method to find the CoH for 2D Brownian colloids, which we apply here. The relevant locations on the colloid are the center of mass (CoM), whose trajectory is resolved in the simulation, and the center of hydrodynamics (CoH). Both locations are shown in Fig. 3 . By definition, at the CoH the coupling between translation and rotation is zero in two dimensional systems [38, 40] . For twodimensional Brownian motion, Chakrabarty et al [38] have used an overdamped Langevin model to compute the diffusion matrix at points other than the CoH (such as the experimental tracking point) and also the shift necessary to locate the CoH. In the reference frame of Fig. 1 , the relation between the two points is given by Fig. 2 (dashed lines) the cross-displacements of the L particle, using the center of hydrodynamics (CoH) as the tracking point. In comparison to the CoM results, the angular displacement is now uncorrelated to the translational displacements. Fitting the results of Fig. 2 , we obtain the diffusion matrix D L,CoH at the CoH: 
To obtain the forces and torque exerted on the L particle by a self-propelling force F = (0, F, l F ), we need the lever length l given by the distance between the center of the catalytically coated foot of the colloid and the CoH. Considering the location of the CoH (X1,CoM + d1, X2,CoM + d2), the distance along axis X1 to the center of the foot of the L, where the force is applied, is l = 0.638. The CoH remains to the left of the colloid, in comparison to the center of the foot. We thus expect the torque to generate anticlockwise rotation.
Self-propulsion of the L-shaped particle
By enabling the catalytic reaction (3) (i.e. setting the reaction probability to p = 1), the fuel is converted on the active part of the L particle. We show the concentration field cB of the B solvent species in Fig. 4 and the velocity profile of the fluid in Fig. 5 . cB is maximal close to the catalytic surface of the L and decreases rapidly due to the bulk reaction (4). The L-particles, under nonequilibrium condition, display a selfpropelling behaviour in combination with thermal fluctuations. We show example trajectories in Fig. 6 , in which we notice that the motion features a curved path. This is at variance with the Brownian motion of isotropic particles.
We highlight the systematic character of the rotation in Fig. 6 by displaying six of the trajectories for the self-propelled L particle. Across all simulations, we compute the radius of the trajectories as the ratio of the translational velocity to the angular velocity ωy [3] . The mean radius is R ≈ 55 ± 7, with the error taken as the standard deviation over the 20 simulations. We compare this value to the average velocity resulting from a constant force
on the motor in Eq. (5). The presence of the third element in Fcst originates in the torque due to the misalignment of the applied force on the foot of the L with the center of hydrodynamics of the particle [3] , with a lever length l. The average velocities are given by
and the radius is
for a lever length l = 0.638 (see section 4.1). The diffusion matrix D L@CoH and the position of the CoH thus provide a reasonable estimate of the rotation radius of the L nanomotor. The overdamped Langevin model does not capture the hydrodynamic tails, which may limit its accuracy. 
The role of hydrodynamics in self-propulsion
We present here simulations of the L nanomotor in which the fluid particles' dynamical evolution follows the random sampling (RS) method. We use equal parameters for the number density γ = 10, the temperature kBT = 1 and for the solvent-colloid interaction and the wall-colloid interaction (see table 2 ). We resample the fluid's velocities every interval τ = 2.
The simulations in Fig. 7 show that the motors move in spite of the fluid not resolving hydrodynamic flows. There is actually another possible self-propulsion mechanism that occurs when a concentration gradient is combined with non-equal surface interaction, as it is the case here. This density-gradient induced selfpropulsion, already investigated in Ref. [19] , usually contributes in addition to self-diffusiophoresis but it is here the only source of active motion. In the RS simulations, however, the friction arises from randomly moving solvent particles that act as a rather expensive thermostat. There is in consequence no center of hydrodynamics at which the hydrodynamic friction would apply and, in conjunction with the opposite self-propelled force, cause a torque on the colloid. The trajectories in Fig. 7 do not show any sign of circling behaviour, highlighting that, even for single-particle studies, hydrodynamically resolved fluids play an important role in simulation models.
Conclusions
Chemically powered nanomotors represent promising devices to autonomously execute tasks at the nano-and micro-scale [6, 7, [41] [42] [43] [44] . Among the many challenges to resolve is the control of individual nanomotor trajectories as a function of their shape and functionalization. It is thus beneficial for the chemical, physical and engineering communities to improve the abilities of our computational modeling toolkit. Mesoscopic simulations have demonstrated their usefulness for understanding the mechanisms of chemical [5, 19, 34, 35, 45, 46] and thermal selfpropulsion [34, 47] .
Building on the work of Rückner and Kapral [19] and on rigidbody Molecular Dynamics [22] , we extended the applicability of coarse-grained nanomotor simulations to the L particle. Considering first passive Brownian motion, we showed the coupling between the degrees of freedom, when tracking the center of mass of the colloid. By locating the center of hydrodynamics [38] , we were able to decouple the rotational degrees of freedom from the translational ones and to obtain the actual lever length for the self-propulsion induced torque. In the active motion of the L particle, we find the same circling type of trajectories as in Ref. [3] .
In the present work, the mobility matrix of the particles emerges from the colloid-fluid interaction, so that the circling patterns results directly from the shape of the particle without further input to the simulation procedure. To our knowledge, those are the first such simulation results for the symmetry class "asymmetric boomerang", following the naming scheme of Chakrabarty et al [38] . As such, our results directly support the use anisotropic colloids for the study of (i) many-motor systems [30] , (ii) the inclusion of external fields (flows and/or chemical gradients) [48] , or (iii) sedimentation [15, 49] , either in support or in preparation of experiments.
A Computational reproducibility
We describe here the practical computational details to reproduce the present work.
We ran all the simulations with the program single body from the open-source package RMPCDMD for the simulation of passive and chemically active colloids [18] . RMPCDMD is implemented in Fortran 2008 and uses OpenMP for multithreaded operation. RMPCDMD outputs the trajectories in H5MD [50] files, a HDF5-based specification for molecular simulation data.
For the analysis, we used the Python programming language with the following libraries: NumPy [51] for the basic numerical layer, SciPy [52] for numerical integration, matplotlib [53] and Mayavi [54] for the figures, h5py [55] to read HDF5 files. We computed the mean-square displacements and cross-displacements with the package tidynamics [56] . We wrote the analysis of the simulation data in Jupyter notebooks 1 to the level that all the figures can be reproduced.
We uploaded the parameter and coordinate files and the notebooks for the analysis and figures to the Zenodo archival platform [33] .
